In this issue of Cell, Salem et al. demonstrate a remarkable instance of herbivory dependent on a coevolved mutualism with specialized bacteria. Despite having a tiny genome and limited metabolic repertoire, the bacteria in Cassida beetles produce pectinases predicted to mediate degradation of plant cell walls in the insect diet.
Plants are not easy meat for animals. A key barrier to herbivory is the plant cell wall, comprising at least half of the biomass of most plant tissues. To gain access to the nutritious contents of plant cells, herbivorous animals break down the cell wall material, generally by a combination of mechanical disruption via grinding structures (teeth, gizzard, jaws, etc.) and enzymatic degradation of cell wall polysaccharides. Enzymatic hydrolysis of these polysaccharides also makes a significant contribution to the carbon and energy requirements of some animals. Although plant cell walls contain multiple classes of polysaccharides, most research has focused on cellulose, with evidence that cellulolysis is mediated by symbiotic microorganisms in the gut in herbivorous vertebrates. Similar reactions are achieved in invertebrates by endogenous cellulases (i.e., coded by the insect genome), sometimes in combination with cellulolytic gut symbionts (Brune, 2014; Cragg et al., 2015; Watanabe and Tokuda, 2010) . Far less is known about the fate of other plant cell wall polysaccharides in animal guts. This deficit is addressed in this issue of Cell by Salem et al. (2017) , who investigate how a leaffeeding tortoise beetle Cassida rubiginosa degrades pectin, a complex class of polysaccharides that accounts for up to 30% of the plant cell wall biomass (Voragen et al., 2009) . Surprisingly, Cassida beetles absolutely require a single pectinolytic symbiotic bacterium that has a tiny genome. The study identifies previously unsuspected processes mediating animal herbivory, brings new insights into the nature of animal interactions with symbiotic microorganisms, and-best of all-raises many questions that will engage the research community in the coming years. Salem et al. (2017) identify a novel bacterium of the Enterobacteriaceae, Candidatus Stammera capleta (henceforth Stammera), localized to specialized organs of the beetle foregut ( Figure 1A ). The authors demonstrate that Stammera is the source of pectinase activity in the Cassida beetle ( Figure 1B) . Stammera encodes two genes that are annotated as pectinases: a polygalacturonase (PG) and a rhamnogalacturonan lyase (RL). Both genes are highly expressed in Stammera, and heterologous expression of the PG gene yields a protein that has pectinolytic activity in vitro. Strikingly, elimination of Stammera from the beetle reduced pectinolytic activity to barely detectable levels ( Figure 1B ) and caused the insects to die as larvae.
The localization of the symbiotic organs to the beetle foregut is ideally suited to the role of Stammera as a source of pectinase enzymes. Building on the authors' demonstration that the Cassida genome codes for intrinsic glucohydrolases that likely degrade cellulose and hemicellulose, we can infer that the bacterial pectinases are released from the symbiotic organs into the digestive tract, where they may function in conjunction with digestive cellulases for efficient plant cell wall degradation ( Figure 1A ). The authors hypothesize that pectinases are selectively released from living Stammera cells, but functional enzymes could, alternatively, be released from lysed cells. Pectinolysis is likely required to gain access to the nutrient-rich cell contents, and the pectin degradation products may also be an important carbon source for the insect.
The pectinolytic function of the Stammera symbionts is unexpected because the genomes of previously studied leaf beetles (family Chrysomelidae) possess genes encoding pectinases (specifically PGs) that are derived from an ancient horizontal gene transfer event from an ascomycete fungus (Kirsch et al., 2014) . Salem et al. (2017) show that the fungalderived PG genes have been replaced in Cassida by the symbiosis with Stammera. Comparative analysis of the distribution of horizontally acquired PG genes and symbionts should reveal the evolutionary patterns of gain and loss of different sources of pectin degradation in chrysomelid beetles, potentially enabling us to identify the factors that favor the different mechanisms. Salem et al. (2017) argue that the greater scope of pectinolytic function provided by the PG and RL enzymes of Stammera than the fungal-derived PG may enable Cassida to utilize plant material more efficiently, even enabling the beetle to feed on plant species that are unsuitable for species without RL activity. The leaf beetles are a very species-rich group, which will facilitate a systematic test of this hypothesis.
A second surprise revealed in the current study is the tiny genome of the Stammera symbiont-just 0.27 Mb and encoding 251 predicted proteins. How did such drastic genome reduction, resulting in the smallest known genome of an extracellular bacterium, arise? Clues come from the life history of Stammera. Salem et al. (2017) show that cells of Stammera are transferred by an unknown route to tubules opening into the reproductive tract of adult female insects and then deposited into a structure called the caplet at the anterior pole of each egg, providing an inoculum for each offspring. The resultant bottlenecking of the Stammera population at each host generation is compounded by a dramatic population reduction during metamorphosis (the transition from larva to adult beetle). As a result, mutations are often predicted to be fixed in the Stammera inoculum, which would preclude selection within the symbiont population and lead to genome decay (Moran, 1996) . The condition of the Stammera genome parallels various insect symbioses with intracellular bacteria that have very small genomes and that overproduce nutrients, such as B vitamins and essential amino acids (Douglas, 2015; Moran and Bennett, 2014) . However, we can exclude the possibility that Stammera has a biosynthetic role, in addition to pectinolytic function, because its metabolic capabilities are exceptionally limited. For example, the annotated gene content of Stammera lacks the capacity to synthesize either nucleotides for DNA/RNA synthesis or amino acids for protein synthesis such that the proliferation of these bacteria must be dependent on the sustained supply of many metabolites from the host. An important area for future research is to understand how this exceptionally fastidious bacterium is sustained in an extracellular environment. It also raises the possibility that a quantitative understanding of the metabolic requirements of Stammera and the metabolite content of the symbiotic organs could possibly lead to the development of a medium to grow Stammera in isolation from the host.
In conclusion, the study by Salem et al. reveals a novel mode of plant cell wall degradation in animals and a previously unsuspected extracellular lifestyle of a bacterium with a tiny genome. This was made possible by two attributes of the research strategy. First, the authors looked beyond the traditional model systems to study a species, Cassida rubiginosa, which has rarely been used as an experimental organism. Second, they are familiar with the early literature and founded their study on the detailed histological studies of Cassida beetles conducted by Hans-Jü rgen Stammer in the 1930s. The most important take-home message from the paper is that there is plenty of amazing biology out there in the natural world and that this natural diversity is amenable to mechanistic investigation by the latest molecular and analytical tools. (A) Stammera-derived enzymes polygalacturonase (PG) and rhamnogalacturonan lyase (RL) are inferred to be released into the distal foregut, mediating breakdown of ingested plant cell wall material in conjunction with intrinsic cellulases and hemicellulases that are inferred to be released into the midgut. (B) Evidence for Stammera-derived pectinolytic enzymes comes from (1) the gene content and expression profile of Stammera, (2) pectinolytic activity in E. coli transformed with the PG gene from Stammera, and (3) substantial reduction of pectinolytic activity in beetles experimentally deprived of Stammera. *Residual pectinolytic activity in insects lacking Stammera is hypothesized to originiate in the ingested food.
